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ABSTRACT
We observed the young (∼ 1700 yrs) pulsar PSR B0540−69 in the near-ultraviolet (UV) for the
first time with the Space Telescope Imaging Spectrograph (STIS) aboard the Hubble Space Telescope.
Imaging observations with the NUV- and FUV-MAMA detectors in TIME-TAG mode allowed us to
clearly detect the pulsar in two bands around 2350A˚ and 1590A˚, with magnitudes mNUV = 21.45±0.02
and mFUV = 21.83±0.10. We also detected the pulsar-wind nebula (PWN) in the NUV-MAMA image,
with a morphology similar to that observed in the optical and near-infrared (IR). The extinction-
corrected NUV and FUV pulsar fluxes are compatible with a very steep power law spectrum Fν ∝ ν−α
with spectral index αUV ∼ 3, non compatible with a Rayleigh Jeans spectrum, indicating a non-
thermal origin of the emission. The comparison with the optical/near-IR power-law spectrum (spectral
index αO,nIR ∼ 0.7), indicates an abrupt turnover at wavelengths below 2500 A˚, not yet observed in
other pulsars. We detected pulsations in both the NUV and FUV data at the 50 ms pulsar period.
In both cases, the folded light curve features a broad pulse with two peaks closely spaced in phase,
as observed in the optical and X-ray light curves. The NUV/FUV peaks are also aligned in phase
with those observed in the radio (1.4 GHz), optical, X, and γ-ray light curves, like in the Crab pulsar,
implying a similar beaming geometry across all wavelengths. PSR B0540−69 is now the fifth isolated
pulsar, together with Crab, Vela, PSR B0656+14, and the radio-quiet Geminga, detected in the
optical, near-UV, near-IR, X-rays and γ-rays, and seen to pulsate in at least four of these energy
bands.
Subject headings: (stars:) pulsars: individual (PSR B0540−69)
1. INTRODUCTION
Pulsars are rapidly spinning neutron stars that emit
electromagnetic radiation (mostly) at the expenses of
their rotational energy (Pacini 1968; Gold 1968), hence
also referred to as rotation-powered pulsars. Apart from
the radio band, where the first of the over 2500 radio pul-
sars known to date1 was originally discovered (Hewish et
al. 1968), pulsars are also observed in X-rays, γ-rays, op-
tical, infrared (IR), ultraviolet (UV), and the sub-mm
(Mignani et al. 2017).
Owing to their intrinsic faintness, the number of pul-
sar detections at optical energies by and large lag be-
hind those at high energies. After the Crab pulsar
(PSR B0531+21; Cocke et al. 1969), which was the first
one identified through its optical pulsations at the ra-
dio period (Cocke et al. 1969), only eight isolated pul-
sars (i.e., not in binary systems) have been firmly iden-
tified in the optical plus two candidates (see, Mignani
1 See, ATNF pulsar catalogue (Manchester et al. 2005)
2011 for a review), and three more identifications have
been recently proposed (Moran et al. 2013; Mignani et
al. 2016a; Rangelov et al. 2017). Optical pulsations
have been detected only for some of them, though. In-
deed, apart from the Crab (Cocke et al. 1969), only for
four other pulsars have optical pulsations been detected:
the Vela pulsar (PSR B0833−45; Wallace et al. 1977),
PSR B0540−69 (Middleditch & Pennypacker 1985), PSR
B0656+14 (Shearer et al. 1997) and Geminga (Shearer
et al. 1998). Eight of the isolated pulsars identified in
the optical have also been detected in the UV with the
Hubble Space Telescope (HST) and four of them (Crab,
Vela, PSR B0656+14, and Geminga) pulsate in the UV
(Percival et al. 1993; Romani et al. 2005; Shibanov et al.
2005; Kargaltsev et al. 2005), beside the optical band.
These four pulsars have also been identified in the near-
IR (Mignani et al. 2012 and references therein), but pul-
sations in this band have been detected only for the Crab
(e.g., Eikenberry et al. 1997).
The near-UV/optical/near-IR (hereafter UVOIR)
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spectra of young pulsars (τC . 10 kyrs), where τC is the
characteristic age2, show the signature of non-thermal,
likely synchrotron, emission from the neutron star mag-
netosphere (see, e.g. Mignani 2011), characterised by
power-law (PL) spectra Fν ∝ ν−α (α ∼0–1). Differ-
ences in the spectral index α across the three bands are
observed in some cases, e.g. the Crab pulsar (Soller-
man 2003), but not in others, e.g. the Vela pulsar
(Zyuzin et al. 2013). In middle-aged pulsars (τC ≈ 0.1–1
Myr), a second emission component is present in the op-
tical/UV, associated with thermal emission from the neu-
tron star surface and characterised by a Rayleigh-Jeans
(RJ) spectrum with a brightness temperature TB ≈ 105
K (Mignani 2011).
Despite the optical and UV being very close in wave-
lengths, differences in the pulsar light curves3 exist. In
particular, HST observations showed that the widths and
separations of the two peaks in the Crab light curve
(a.k.a. Main Pulse and Interpulse) are larger in the op-
tical than in the UV (Percival et al. 1993), perhaps re-
lated to the difference in the PL slope between these two
bands (Sollerman 2003). In the case of Vela possible dif-
ferences in the widths and separations of the two main
peaks between the optical and the UV light curves can-
not be appreciated owing to the lower statistics, although
they differ in the structure of the smaller peaks (Romani
et al. 2005). At variance with the Crab, there is no differ-
ence in the PL slope from the optical to the UV (Zyuzin
et al. 2013). HST observations of the middle-aged pul-
sars PSR B0656+14 (Shibanov et al. 2005) and Geminga
(Kargaltsev et al. 2005) also showed differences in their
light curves from the optical to the UV. This might also
be due to the rising contribution of the RJ component in
the UV relative to the PL component, with extra mod-
ulations possibly produced by hot spots on the neutron
star surface. Detecting more optical/UV pulsars is im-
portant to study the evolution of the light curve and
spectrum across these two bands and to infer the char-
acteristics and geometry of the corresponding emission
regions.
PSR B0540−69 in the Large Magellanic Cloud (LMC)
is the second brightest optical pulsar (V = 22.5) after the
Crab and an obvious target for UV observations, which
have thus far not been performed. It is referred to as
the Crab “twin” because it is very similar in spin period
(Ps = 50 ms), period derivative (P˙s ∼ 4.78 × 10−13s
s−1), characteristic age (τC ∼ 1.7 kyr), rotational energy
loss (E˙ ∼ 1.5× 1038 erg s−1), and surface magnetic field
(Bs ∼ 4.98× 1012 G)4.
The LMC distance (48.97±0.09 kpc; Storm et al. 2011)
makes PSR B0540−69 one of the faintest radio pul-
sars (Manchester et al. 1993). Indeed, it was discov-
ered in X-rays (Seward et al. 1984) becoming the first
extragalactic pulsar detected at any wavelength. PSR
B0540−69 is the latest pulsar to have been detected in
2 This is defined as Ps/(2P˙s), where Ps and P˙s are the pulsar
spin period and its first derivative, respectively.
3 Through the text we implicitly refer to the light curves folded
at the pulsar spin period.
4 The latter two values have been derived from the standard
formulae E˙ = 4 × 1046P˙s/P 3s erg s−1 and B = 3.2 × 1019
√
PsP˙s
G, derived by assuming for the neutron star a moment of inertia
I = 1045 g cm2.
the near-IR (Mignani et al. 2012) and has also been
recently detected as a γ-ray pulsar (Ackermann et al.
2015) by the Fermi Large Area Telescope (LAT). Like
other young pulsars (Kargaltsev et al. 2017), it is em-
bedded in a bright pulsar wind nebula (PWN) visible
from the near-IR to the soft/hard X-rays (Mignani et al.
2012; Petre et al. 2007; S lowikowska et al. 2007). Optical
pulsations were detected by Middleditch & Pennypacker
(1985), while the pulsar counterpart was later identified
via high-resolution imaging (Caraveo et al. 1992; Shearer
et al. 1994). The optical light curve (Middleditch et al.
1987; Gouiffes et al. 1992; Boyd et al. 1995) features a
broad pulse, which is actually resolved in two peaks (see
also, Gradari et al. 2011).
The optical spectrum of PSR B0540−69 is charac-
terised by a PL (e.g., Serafimovich et al. 2004). The mea-
surement of significant phase-averaged polarisation with
the HST (Mignani et al. 2010a; Lundqvist et al. 2011)
confirmed the magnetospheric origin of its optical emis-
sion. HST and Very Large Telescope (VLT) adaptive op-
tics images (Mignani et al. 2010a; 2012) clearly resolved
PSR B0540−69 from its compact (4′′) PWN, making
it possible to precisely measure the pulsar flux. This
yielded the most accurate measurement of its PL spec-
tral index in the optical/near-IR (αO,nIR = 0.70± 0.04),
which is similar to that in the X-rays (αX = 0.83±0.13),
measured from Chandra spectroscopy (Kaaret et al.
2001). However, the optical fluxes fall below the extrapo-
lation of the X-ray PL (Mignani et al. 2010a), suggesting
a spectral flattening in the UV. Determining the pulsar
spectrum in the UV is, then, key to confirm the expected
flattening, whereas measuring the UV light curve is key
to determine whether such flattening is associated with
different optical and UV light curve profiles, as possibly
observed in the Crab pulsar (Percival et al. 1993).
Here, we present the results of the first UV observa-
tions of PSR B0540−69, carried out with the HST. This
manuscript is organised as follows: observations and data
analysis are described in Section 2, whereas the results
are presented and discussed in Sections 3 and 4, respec-
tively. Summary and conclusions follow in Section 5.
2. OBSERVATIONS
2.1. Observation Description
We observed PSR B0540−69 with the HST during Cy-
cle 23 (Prog. ID: 14250; PI: Mignani) on February 27
and 28 2017, as part of the UV Initiative Program. We
used the Space Telescope Imaging Spectrograph (STIS)
and collected data with both its NUV- and FUV-MAMA
(Multi-Anode Micro-channel Array) detectors that are
sensitive in the 1600–3100A˚ and 1150–1700A˚ spectral
ranges, respectively.
The detectors were operated in imaging (25′′ × 25′′
field–of–view) TIME-TAG mode, chosen for two princi-
pal reasons: (i) to clearly resolve the pulsar emission from
that of the surrounding PWN (∼ 4′′ diameter), thanks
to a spatial resolution of 0.′′024/pixel, and (ii) to search
for pulsations at the pulsar period (50 ms) and accu-
rately sample the light curve, thanks to a time resolu-
tion of 125µs. For the NUV- and FUV-MAMA detec-
tors we used their F25QTZ filters5, which have central
5 Since the filters have the same name for both MAMA detectors,
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wavelengths and FWHM bandwidths of λ = 2359.3A˚,
∆λ = 998.7A˚ and λ = 1596.2A˚, ∆λ = 231.6A˚, re-
spectively (Riley et al. 2017). These combinations pro-
vide high-throughput broad-band UV imaging, minimis-
ing the background contribution from geo-coronal emis-
sion lines and maximising the spectral coverage achiev-
able with the STIS MAMAs.
The planned exposures were allocated in six spacecraft
orbits, equally distributed between the NUV and FUV
observations (three orbits each), and split in two differ-
ent visits to cope with the HST scheduling constraints.
The same roll angle of 32.◦4934 (measured east of north)
was used in both visits. The exposure time per orbit was
defined to fully exploit the target visibility window6. Af-
ter accounting for instrument overheads and guide star
acquisitions, we acquired one 3050 s and two 3300 s ex-
posures (1000 s buffer time) in each visit for a net total
integration time of 9650 s for both the NUV and FUV
observations.
2.2. Data Analysis
We retrieved our data from the Mikulski Archive for
Space Telescopes (MAST7) after routine data reduction
and calibrations steps have been applied through the
CALSTIS pipeline under the STSDAS package. These
steps are: dark subtraction, flat fielding, geometric dis-
tortion and detector non-linearity corrections, flux cali-
bration, which have all been implemented using the cali-
bration frames and tables closest-in-time to our observa-
tions. In order to increase the signal–to–noise, for each
data set we then co-added the single exposures using the
STSDAS task combine which also applies rejection of
cosmic ray hits.
We checked the astrometry of the NUV and FUV im-
ages, determined by the HST aspect solution, against the
HST/WFPC2 images of Mignani et al. (2010a), whose
astrometry was re-calibrated in the 2MASS (Skrutskie
et al. 2006) reference frame with an overall accuracy of
0.′′12–0.′′15. To account for the measured absolute offsets
of ∼ 0.′′23 and ∼ 0.′′57 in the NUV and FUV image as-
trometry, respectively, we used a grid of reference stars
detected in a ∼ 12′′ radius around PSR B0540−69 to
register the MAMA images onto the astrometry refer-
ence frame of the WFPC2 images with an accuracy of
better than 0.′′01. We used the NUV and FUV images
with the re-calibrated astrometry as a reference for the
pulsar identification.
3. RESULTS
3.1. Imaging and Photometry
Fig. 1 shows the NUV- and FUV-MAMA images of
the PSR B0540−69 field obtained after the processing
described in the previous section. We clearly detected
PSR B0540−69 in both the NUV and FUV images at
a position coincident with its optical coordinates com-
puted by Mignani et al. (2010a): αJ2000 = 05
h40m11.s202
hereafter we simply distinguish the two data sets by the detector
name (NUV and FUV for short).
6 Owing to scheduling constraints in Cycle 23 it was not possible
to observe our target in Continuous Viewing Zone and the maxi-
mum visibility window before Earth occultation was about 3500 s
per orbit.
7 https://archive.stsci.edu/hst/search.php
(0.s009), δJ2000 = −69◦19′54.′′17 (0.′′05)8. Ours is the first
detection ever of PSR B0540−69 in the UV, which also
makes it the fifth isolated pulsar, among the ∼ 2300
known, that has been detected in the near-IR, optical,
UV, X-rays and γ-rays, after the Crab and Vela pul-
sars, PSR B0656+14, and Geminga (the fourth among
radio pulsars9). We also detected the PSR B0540−69
PWN in our NUV image (Fig. 1, left), with a structure
and extent similar to what is observed in the optical and
near-IR (Mignani et al. 2010a; 2012). The PWN is at
most barely visible, however, in the FUV image (Fig. 1,
right). The bright emission knot in the PWN detected at
∼ 1.′′7 south west of the pulsar in HST/WFPC2 images
(De Luca et al. 2007) is also visible in the STIS/NUV-
MAMA observation, aligned with the major axis of the
PWN. Since our paper is focused on the pulsar, a coher-
ent multi-wavelength spectral and spatial analysis of the
PWN and its features will be the subject of a subsequent
paper.
For both the NUV and FUV images, we computed
the pulsar fluxes through aperture photometry employ-
ing the tools in the IRAF10 package PHOT. We used an
aperture radius of 10 pixel (0.′′24) to maximise the signal–
to–noise and we sampled the sky background within an
annulus of 25 pixel inner radius (0.′′6) to avoid contam-
ination from the wings of the pulsar PSF, which are
particularly bright in the NUV-MAMA F25QTZ filter,
and of 35 pixel outer radius (0.′′84) to avoid including
bright stars close to the pulsar. Since the PWN is
the main source of background, which is itself not spa-
tially uniform, we carefully checked that our photom-
etry is not very sensitive to the choice of the annulus
width. We then applied the aperture correction to com-
pute the pulsar count-rates in an infinite aperture us-
ing the values of the encircled energy fractions for the
chosen radius reported in the STIS Instrument Hand-
book Version 16.0 (Riley et al. 2017) for the NUV- and
FUV-MAMA F25QTZ filters. The aperture-corrected,
background-subtracted count-rates (CR) are 1.53±0.02
and 0.053±0.005 counts s−1 for the NUV and FUV im-
ages, respectively. The large difference in CR can be vi-
sually appreciated by the comparison of the two images
(Fig. 1), which were obtained through the same integra-
tion time (9650 s) and are, thus, directly comparable to
each other. We converted the corresponding instrumen-
tal magnitudes into ST magnitudes (STMag) using the
photometric calibration parameter PHOTFLAM, which
is closest in time to our observations and reported in
the image header, according to the definition: STMag=
−2.5×log10(CR×PHOTFLAM)−21.10. The observed
magnitudes, i.e. uncorrected for the interstellar extinc-
tion, are mNUV = 21.45±0.02 and mFUV = 21.83±0.10,
where the associated errors are purely statistical.
8 The errors refer to the average of the pulsar coordinates com-
puted on four independent WFPC2 data sets, see Mignani et al.
(2010a) for details.
9 Geminga (PSR J0633+1746) has not yet been unambiguously
detected as a radio pulsar despite many searches, see Maan (2015)
and references therein.
10 IRAF is distributed by the National Optical Astronomy Ob-
servatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
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3.2. Timing
We looked for pulsations in the NUV and FUV data of
PSR B0540−69 at its ∼50 ms period. We extracted the
time series from the event files using an aperture with a
radius of 10 pixels (0.′′24), which corresponds to 82% of
the pulsar flux (Riley et al. 2017). Then, we used the
task hstephem in STSDAS to account for the spacecraft
position and velocity during the observations, and the
IRAF task otimedelay to convert the photon arrival
times from the topocentric reference frame to the solar
system barycentre. As a reference for the pulsar position
we used the most precise coordinates known (Mignani et
al. 2010a). Since the pulsar has a proper motion of < 1
mas yr−1 (Mignani et al. 2010a) any displacement be-
tween the epoch of our STIS observations (MJD 57811)
and that of the reference position (MJD 54272) is much
smaller than the absolute uncertainty on the pulsar co-
ordinates (70 mas).
We folded the NUV and FUV time series around the
expected pulsar period using as a reference the most re-
cent timing solution for PSR B0540−69 (Marshall et al.,
in preparation), obtained by monitoring the pulsar pe-
riod evolution with the X-ray Telescope (XRT; Burrows
et al. 2005) aboard the Neil Gehrels Swift Observatory
after the change in the spin-down frequency derivative
ν˙ occurred between December 3 2011 and December 17
2011 (Marshall et al. 2015). Results from this monitor-
ing program, which started on February 17 2015, have
been presented in Marshall et al. (2016) and Marshall
et al. (2018). In particular, the data set consists of all
the XRT observations of PSR B0540−69 that covers the
full time span from February 17 2015 to March 28 2018
(MJD 57070–58205), for a total of 176.893 ks.
The analysis of the data from the XRT used the same
procedure described in Marshall et al. (2015) and Mar-
shall et al. (2016). All the observations were made using
the Window Timing mode. The data were processed
using the software tool xrtpipeline, and events were
screened to maximize the signal from the pulsar. Arrival
times were corrected to the solar system barycentre us-
ing the pulsar position from Mignani et al. (2010a) and
the JPL Planetary Ephemeris DE-200 (Standish et al.
1982)11. Events were folded on multiple candidate peri-
ods, and a sine wave was fit to the best folded light curve.
The resulting frequencies and phases at the epochs of
the observations were then fit with a spin model using
a Taylor expansion of spin frequency and its derivatives
through ν¨. Small glitches in the pulsar on MJD 57546
and 57946 were added to the model to produce a good
fit for the entire span of observations. The resulting
ephemeris was used to produce a folded X-ray light curve
of all the events. The updated timing solution, together
with a detailed analysis of the spin frequency evolution,
will be presented in a separate publication (Marshall et
al., in preparation).
By folding the NUV and FUV data at the expected
11 In this, we followed the prescription of the HEASoft tool
barycorr that recommends DE-200 for the Swift data, which are
based on the FK5 reference frame. More recent ephemeris files,
such as DE-405, use the ICRS reference frame. According to the
notes to the barycorr tool, using DE-405 instead of DE-200 will
cause a maximum error of 2 ns for satellites in low-Earth orbit,
which is completely negligible for PSR B0540−69. Moreover the
STIS data analysis threads recommend the use of DE-200.
pulsar period, we found a clear pulsed signal in both
the NUV and FUV time series (Fig. 2a,b), albeit at a
different significance level owing to the difference in the
pulsar count-rate in the two data sets (see §3.1). The
detection significance for the NUV and FUV pulsations
is ∼ 36σ and ∼ 6σ respectively, which we computed
based on the Z2n statistic (Buccheri et al. 1983). We
also computed the detection significance based on a χ2
analysis and obtained comparable results, with χ2 val-
ues of 2800 (64 d.o.f.) and 82 (20 d.o.f.) for the NUV
and FUV light curves, respectively. The final probabil-
ity was determined with Monte Carlo simulations for the
case of non-normal distributions. The detection of the
expected periodicity clearly and independently confirms
the pulsar UV identification, initially based upon posi-
tion match with the optical coordinates. Therefore, PSR
B0540−69 is also the fifth isolated pulsar for which pul-
sations have been detected in the UV, optical, X and
γ-rays. A comprehensive cross-comparison of the multi-
wavelength light curves and spectra of these five pulsars
is beyond the goals of this work and will be reported
elsewhere.
Both the folded NUV and FUV light curves feature
a broad pulse resolved in two peaks separated by ∼0.3
in phase (Fig. 2). The two peaks in the NUV light
curve look more structured than in the FUV one, but
this is only an effect of the better count statistics and
smaller binning. Although similar, the NUV and FUV
light curves show some small differences. For instance,
in the FUV light curve the intensity of the second peak
seems to be lower than the first one, whereas in the NUV
one the intensity of the two peaks is comparable. Obtain-
ing a FUV light curve with an improved signal–to–noise
would help to determine whether this difference in the
intensity of the two peaks is real or it is an effect of the
low count statistics. A difference between the relative
intensity of the two main peaks is also observed, e.g. in
the STIS NUV and FUV light curves of the Vela pulsar,
where the intensity of the primary peak with respect to
the secondary one increases in the FUV (Romani et al.
2005). On the other hand, in the case of the Crab pulsar
there is no appreciable difference in the relative intensity
of the primary and secondary peaks between the STIS
NUV and FUV light curves (Sollerman et al. 2000). A
hint of a third peak between the two main ones is vis-
ible in the NUV light curve of PSR B0540−69, which
looks more or less prominent depending on the binning.
Its estimated significance is ∼ 2–3 σ only and it is even
lower in the FUV light curve, where such a third peak
is barely visible. A possible precursor to the broad pulse
is also visible in the FUV light curve, but not as clearly
in the NUV one, indicating that it might be an effect of
the different binning. Also in this case, obtaining NUV
and FUV light curves with an improved signal–to–noise
would help to assess the existence of these features. This
complex structure might be reminiscent of that observed
in the NUV and FUV light curves of the Vela pulsar,
where two small peaks are present in addition to the
primary and secondary ones (Romani et al. 2005). At
present, however, we cannot determine whether the sub-
structures seen in the PSR B0540−69 light curves are
real or not. Investigations through deeper observations
may be worthwhile.
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As it can be seen from Fig.2, the signal from PSR
B0540−69 is almost totally pulsed in the NUV and FUV
light curves. In particular, the pulsed fraction (PF) is
66%±8% and 63%±42% in the NUV and FUV light
curves, respectively, where we computed PF from the
component above the flux level in the phase interval de-
fined as the off-pulse region, often refereed to as the di-
rect current (DC) level. The DC level is much higher in
the NUV light curve than in the FUV one (Fig. 2), as
expected from the higher PWN background present in
the NUV image (Fig. 1). This, however, only partially
accounts for the DC level, which is well above the neb-
ula background. Indeed, the DC level, calculated in the
phase intervals 0.355–0.515 (NUV) and 0.34–0.54 (FUV),
is 35.8±6.9 counts and 3.2±2.8 counts, respectively. On
the other hand, the nebula background, which we sam-
pled in annulus centred on the pulsar of 25 pixel inner
radius and 10 pixel width (See § 3.1), is only 6.2±3.3
counts and 0.23±0.48 counts in the NUV and FUV im-
ages, respectively.
Such a difference suggests that there is a significant
continuous emission component from a source very close
to the pulsar, which is not associated with the PWN. A
significant DC component is also seen in the Crab pulsar
light curve and is associated with the unresolved emission
from the bright knot in the PWN, at 0.′′65 from the pulsar
(S lowikowska et al. 2009). No such structure, however,
is seen in our high-spatial resolution HST images of PSR
B0540−69 (see, also Mignani et al. 2010). Given the
small aperture used to extract the pulsar counts (0.′′24
radius), about twice the size of the image PSF, we deem
it unlikely that this DC component is associated with
a source other than the pulsar itself. Therefore, there
must be an emission component from the pulsar which
is not pulsed. This would be the case, for instance, if
such a component were emitted isotropically from the
pulsar magnetosphere, within the last closed magnetic
field lines. Time-resolved UV spectroscopy observations
are needed to verify this hypothesis by studying the pul-
sar spectrum as a function of the rotation phase. In this
way, it would be possible to determine whether the spec-
trum of the DC component differs from that of the pulsed
component and, more importantly, whether it varies with
the rotation phase. This would help to confirm that the
source of the DC component is isotropic emission from
the pulsar magnetosphere, as we speculated above.
4. DISCUSSION
4.1. The pulsar UVOIR spectrum
We corrected the observed NUV and FUV magnitudes
for the effects of the interstellar extinction. As was done
done in Mignani et al. (2010a; 2012), we assumed a red-
dening E(B − V ) = 0.2 (see also discussion in Serafi-
movich et al. 2004). We assumed the interstellar ex-
tinction law of Fitzpatrick (1999) that gives extinction
correction terms ANUV = 1.62 and AFUV = 1.56 at
λ = 2359A˚ and λ = 1596A˚, respectively. We remark that
our choice of the interstellar extinction correction was
made so as to not bias the comparison with the optical
and near-IR fluxes of Mignani et al. (2010a; 2012), which
were also corrected using the extinction law of Fitz-
patrick (1999). By correcting the observed magnitudes
according to the computed ANUV and AFUV, we obtain
extinction-corrected fluxes of FNUV = (7.88 ± 0.14)µJy
and FFUV = (2.40 ± 0.23)µJy for the NUV and FUV
bands, respectively.
We used these flux values to characterise the PSR
B0540−69 spectrum from the near-IR to the near-UV.
Here we are aware that we are comparing flux measure-
ments taken at different epochs, in particular before and
after the large ν˙ change (Marshall et al. 2015). Since
the effects of this event on the pulsar UVOIR flux and
spectrum are unknown, such comparison must be taken
with due care. Fig.3 shows the UVOIR spectrum of
PSR B0540−69 together with the best-fit PL to the
optical/near-IR fluxes (Mignani et al. 2012). In all cases,
the plotted fluxes have been computed through aperture
photometry on the time-integrated images. Therefore,
the fluxes are integrated over the pulse phase, which
means that they account for both pulsed and unpulsed
emission components. As it can be seen, the NUV and
FUV fluxes are clearly incompatible with the slope of
the optical/near-IR PL (αO,nIR = 0.70± 0.04), with the
former above and the latter below its extrapolation by
∼ 25σ and ∼ 5.5σ, respectively, suggesting a drastic
turnover in the spectrum at wavelengths below 2400 A˚.
In particular, the NUV and FUV fluxes are not consis-
tent with a flattening of the optical/near-IR PL, as one
would expect from the comparison between the optical
and X-ray spectra (see Fig. 3 of Mignani et al. 2010a),
but instead show a steeper PL in the UV, with spectral
index αUV = 3.05 ± 0.25. Such a steep PL slope has
never been seen in the UVOIR spectra of any other pul-
sar, where the spectral index is usually ≈ 0–1 (Mignani
et al. 2011). Since this result is unexpected, we double-
checked for possible bugs in our end–to–end procedure
as follows.
Firstly, we checked that our photometry is neither af-
fected by systematics, such as the aperture correction,
nor by calibration issues, such as the zero-point defini-
tion, for which we straightforwardly applied values re-
ported in the instrument handbook and in the image
headers. As a safe measure, we verified that the tab-
ulated aperture correction factors are consistent with
those measured directly on the image and that the val-
ues of the PHOTFLAM keywords in the image headers
were consistent with those reported in other sources (e.g.,
Proffitt 2006). Therefore, we are confident that the ob-
served magnitudes have been computed and calibrated
correctly. We note that most of the fluxes plotted in
Fig. 3 have been measured with the HST and calibrated
in a similar fashion, which minimises the risk of cross-
calibration problems.
As a test, we computed the pulsar photometry us-
ing methods different from those described in §3.1, e.g.
by employing different software tools for the photome-
try, by using different apertures and background areas
and, consequently, different values for the aperture cor-
rection, and obtained fully compatible magnitude values,
which confirms that our results are robust and method-
independent. For consistency, we also compared our
measured pulsar CRs in the NUV and FUV images with
those predicted by the STIS Exposure Time Calculator
(ETC). We assumed the de-reddened NUV and FUV
fluxes at the peak wavelength of the F25QTZ filter, the
PL connecting these two values (Fig. 3) as a template
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spectrum, an E(B − V ) = 0.2, and the zodiacal light
at the PSR B0540−69 coordinates. The ETC predicts
CRs of 1.48 (NUV) and 0.053 (FUV), after accounting
for the sky background from the PWN, which are fully
consistent with ours.
In principle, our photometry might have been affected
by issues other than those just discussed, such as a glitch
in the instrument performances. However, no variations
in the detector throughput or other anomalies have been
reported in the STIS instrument science reports12 for the
time frame around our observations. To rule out that the
large difference between the pulsar NUV and FUV CRs
is due to instrument effects of some sort we computed the
difference between the co-aligned NUV and FUV images
and found that the CR residuals for all stars in the field
of view are randomly distributed above and below those
for the pulsar, as one would expect if the data are free of
instrument systematics.
Finally, we have carefully checked the applied UV ex-
tinction correction against those derived in more recent
works and ruled out that the de-reddened NUV and
FUV flux values that we derived are substantially mis-
estimated. For instance, assuming the extinction law of
Gordon et al. (2003), which is derived both for the LMC
as a whole and, more specifically, also for the 30 Doradus
region, would only marginally change the extinction cor-
rection in the NUV and FUV, whereas the extinction
correction in the near-IR and the optical bands would
be undistinguishable from that derived from the extinc-
tion law of Fitzpatrick (1999). Although this would re-
sult in a ≈ 12% lower de-reddened NUV flux, and in
a similarly higher de-reddened FUV flux, it would only
partially account for the NUV/FUV flux difference with
respect to the optical/near-IR PL extrapolation, which
would still be at ∼ 20σ and ∼ 3.5σ, respectively (Fig. 3).
Since PSR B0540−69 is embedded in its supernova rem-
nant, one can speculate of a difference in the interstellar
extinction law on a more local scale, owing to a differ-
ent chemical composition of the remnant with respect
to the surrounding environment. This speculation, how-
ever, cannot be easily verified with the available data,
especially given the small angular extent of the remnant
(4′′ × 4′′). Even so, since PSR B0540−69 lies within the
30 Doradus nebula (40′× 25′) its effects on the interstel-
lar extinction law dominate over those produced by local
environment fluctuations.
Having done all the due checks, and having found no
obvious bug in our procedure, we are prone to conclude
that the source of the large difference between the pulsar
NUV and FUV fluxes is intrinsic to the pulsar. This sug-
gests that, unexpected as it may be, the abrupt turnover
observed in the pulsar PL spectrum is intrinsic to the
source, although the evidence must be supported by more
flux measurements in the UV.
Thinking of a physical origin, one may speculate
whether the larger (smaller) NUV (FUV) flux with re-
spect to the optical/near-IR PL extrapolation might be
(at least partially) explained by a DC component in the
pulsar emission which is stronger in the NUV than at
longer wavelengths, whereas it is almost absent in the
FUV (see § 3.2). If the PF were similar at all wave-
lengths, such a different DC component fraction in the
12 http://www.stsci.edu/hst/stis/documents/isrs
UV would raise the phase-integrated NUV flux above the
expected value, and decrease the FUV flux, affecting the
slope of the phase-integrated spectrum. Unfortunately,
there are no published light curves of PSR B0540−69 ob-
tained in bands other than V (see, Gradari et al. 2011 and
references therein13), so that we do not know the value
of the PF at different wavelengths. Moreover, these light
curves were all obtained with non-imaging photon count-
ing detectors, making it more problematic to subtract the
PWN background and disentangle a genuine DC compo-
nent in the pulsar emission. Therefore, we can neither
compare the pulsed nor the DC component fraction at
different wavelengths. Future multi-band, high-time and
high-spatial resolution observations of PSR B0540−69
with imaging photometers would be crucial to test our
hypothesis.
Another, but less likely, possibility is that of long-term
variability in the pulsar UV flux since the epochs of the
optical (June–November 2007) and near-IR (October–
December 2010) observations of Mignani et al. (2010a;
2012). Pulsars are generally known to be stable sources
on long time scales and, in the case of the Crab, it has
been shown that optical flux variations can be at the
level of just a few milli-magnitudes per year (Sandberg
& Sollerman 2009). Larger variations, such as those ob-
served in γ-rays for PSR J2021+4026 (Allafort et al.
2013), cannot be ruled out a priori. However, in this case
one would expect the NUV and FUV fluxes, as well as the
optical and near-IR fluxes, to vary in the same direction,
unless the flux variation is accompanied by a spectrum
variation. Unfortunately, there are no multi-epoch sets of
UVOIR flux measurements of PSR B0540−69 to look for
possible flux/spectral variations. Therefore, obtaining a
new set of UVOIR flux measurements as close in time
as possible to one another is the required step to search
for possible long-term variability at these wavelengths.
In the X-rays, no significant long-term variability had
been observed from the analysis of RXTE observations
of PSR B0540−69 (Ferdman et al. 2015), which cover
a time span of 15.8 years. However, these observations
only extend up to December 3 2011, i.e. right before
the large ν˙ change, which occurred somewhen between
December 3 and 17 2011 (Marshall et al. 2015).
As anticipated earlier in this section, we cannot rule
out that an erratic phenomenon such as the large ν˙
change might have produced a variation in the pulsar
UVOIR flux and/or spectrum, making the UV fluxes
not directly comparable with the optical/near-IR fluxes,
which have been measured before 2011. Since there are
neither UV flux measurements taken before the ν˙ change
nor new optical/near-IR flux measurements taken after
this event to compare with, we cannot establish whether
a consequent variation in the pulsar UVOIR flux and/or
spectrum ever occurred. The same new set of UVOIR
flux measurements required to look for long-term vari-
ability (see above) will also help to determine whether
the ν˙ change has affected the pulsar emission at these
wavelengths. Interestingly, the last two RXTE observa-
tions of PSR B0540−69, on December 17 and 31 2011,
i.e. after the large ν˙ change, do not show any significant
difference in the X-ray flux with respect to the historical
13 Middleditch et al. (1987) indeed obtained light curves of PSR
B0540−69 in the UBVRI bands but these were never published.
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trend (Marshall et al. 2015). However, no other informa-
tion on the X-ray flux evolution after the event has ever
been reported. Therefore, we looked for X-ray variability
on a more recent time frame. As a first order test, we
compared the pulsar X-ray flux measured at two epochs
closest in time to our near-IR (October–December 2010)
and UV (February 2017) observations using data avail-
able in X-ray observatory archives. To this aim, the only
suitable X-ray data are those in the Swift/XRT archive,
taken on November 10 2010 (13.5 ks) and February 14
2017 (1.1 ks) in PHOTON and WT mode, respectively.
However, from the measured X-ray flux we found no ev-
idence of significant variability between the two epochs.
This suggests that the large ν˙ change did not affect the
X-ray flux, as implied by the post-event RXTE obser-
vations (Marshall et al. 2015). A systematic analysis of
all the Swift/XRT observations of PSR B0540−69 from
February 17 2015 on (Marshall et al., in preparation) will
allow us to look for possible X-ray flux variability over
the epoch range of interest in more detail.
The possibility that the NUV flux excess with respect
to the optical/near-IR PL extrapolation is due to an
emission feature centred at ∼ 2350 A˚, perhaps associated
with an ion cyclotron line produced in the pulsar mag-
netosphere is, at present, no more than a speculation.
The possible presence of emission/absorption features in
pulsar optical spectra had been claimed for the Crab (Na-
suti et al. 1996), Geminga (Mignani et al. 1998) and PSR
B0656+14 (Durant et al. 2011) but the existence of these
features has either not been confirmed by independent
observations or it is still to be proved. An unsubtracted
spectral feature in the PSR B0540−69 supernova rem-
nant (SNR) emitted from a region very close to the pulsar
may be another possibility. High spatial-resolution near-
UV spectroscopy observations of the pulsar and of its
SNR are needed to verify these two possibilities. So far,
the only optical/near-UV spectrum of PSR B0540−69
was obtained by Hill et al. (1997) with the Faint Ob-
ject Spectrograph aboard HST but the spectral coverage
(2500–5000 A˚) did not extend to the wavelength range
of interest.
4.2. The pulsar multi-wavelength spectrum
Regardless of the unusual PL slope in the UV, it is
clear that the NUV and FUV fluxes measured for PSR
B0540−69 would be incompatible with a ∝ ν2 RJ spec-
trum. This speaks in favour of a non-thermal (syn-
chrotron) origin of the UV emission, as it is believed
to be for the optical and near-IR emission, powered by
the pulsar rotational energy. Under the hypothesis that
the pulsar ν˙ change did not introduce a flux/spectrum
variation (see discussion in §4.1), the difference in the PL
slope from the optical/near-IR to the UV would, then,
imply a break in the pulsar non-thermal UVOIR spec-
trum.
Breaks in the pulsar non-thermal UVOIR spectra are
not unheard of. Indeed, a spectral break is observed in
the Crab pulsar in the transition from the optical/near-
IR to the near-UV, where the PL spectral index features
a turnover from −0.31 ± 0.02 to 0.11 (Sollerman 2003).
This break, however, is clearly not as dramatic as that
observed in PSR B0540−69. The Vela pulsar, on the
other hand, features a single PL that fits the spectrum
all the way from the near-IR to the near-UV (Zyuzin et
al. 2013). Whether the presence or absence of breaks in
the pulsar UVOIR spectra depends on the characteristic
age, with Vela being a factor of 10 older than the Crab,
or on other pulsar parameters is not clear yet (see, e.g.
Mignani et al. 2016b.) In the case of PSR B0656+14 and
Geminga, the other two pulsars that had been detected
in the UVOIR, the spectral break between the optical
and near-UV is only due to the onset of the RJ compo-
nent, which dominates over the PL one in the near-UV
(e.g., Kargaltsev & Pavlov 2007), and not to a genuine
turnover in the optical PL spectral index.
The characterisation of the overall pulsar spectral en-
ergy distribution (see Fig. 3 in Ackermann et al. 2015)
is not significantly advanced by our new NUV and FUV
fluxes, given their limited spectral coverage. However,
they confirm that the optical/near-IR and X-ray spec-
tra cannot be described by a single PL, as pointed out
by Mignani et al. (2010a) and Serafimovich et al. (2004)
based on the optical fluxes only. Observations at shorter
UV wavelengths would help to bridge the pulsar emis-
sion in these two spectral regions. Unfortunately, HST
observations cannot push the wavelength limit any fur-
ther than ≈ 1100A˚, whereas PSR B0540−69 would have
not been spatially resolved by the imaging detectors
aboard the Extreme Ultraviolet Explorer (Bowyer & Ma-
lina 1991) and has not been observed by the Far Ul-
traviolet Spectroscopic Explorer (Moos et al. 2000). A
more robust characterisation of the pulsar spectrum in
the near-UV through HST spectroscopy, though, would
help to make its extrapolation towards higher frequencies
more accurate.
4.3. The pulsar UV luminosity
PSR B0540−69 is the tenth pulsar detected in the UV
by the HST (see Table 1 for a summary). The list in-
cludes the recycled millisecond pulsar PSR J0437−4715
which is in a binary system and was spectroscopically re-
solved from its white dwarf (WD) companion (Kargalt-
sev et al. 2004; Durant et al. 2012). We note that the
double pulsar system PSR J0737−3039A/B was also de-
tected in the UV (Durant et al. 2014) but it was not
possible to disentangle the contribution of the two pul-
sars in the time-integrated HST images. For this reason,
neither of the two pulsars is included in Table 1.
We computed the PSR B0540−69 UV luminosity and
compared it with that of other pulsars detected in the
UV. For PSR B0540−69, the isotropic luminosity in the
NUV F25QTZ filter (Riley et al. 2017) is LNUV = 1.27×
1034d2LMC erg s
−1, where dLMC is the LMC distance in
units of 48.97 kpc (Storm et al. 2011). This corresponds
to a fraction of ∼ 8.5× 10−5 of its rotational energy loss
E˙ (1.5 × 1038 erg s−1). In the FUV F25QTZ filter, the
luminosity is LFUV = 1.9 × 1033d2LMC erg s−1 and the
E˙ fraction is correspondingly lower by a factor ≈ 6.6.
For comparison, in the near-IR (K band) this fraction
is ∼ 1.8 × 10−5d2LMC (Mignani et al. 2012), whereas in
the optical (V band) is ∼ 1.7 × 10−5d2LMC (Mignani et
al. 2010a), which means that PSR B0540−69 radiates
a factor of five more energy in the NUV than at longer
wavelengths.
For the other two young pulsars, Crab and Vela, the
UV emission is also non-thermal. For the Crab, inte-
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Name Ps τC Bs E˙ LUV d λmin–λmax Instrument
(ms) (kyrs) (1012 G) (1038 erg s−1) (1034 erg s−1) (kpc) (A˚)
Crab1 33.39 1.26 3.79 4.50 1.04 2 1600–3200 STIS/NUV-MAMA G230L
B0540−692 50.05 1.67 4.98 4.98 1.27 48.97 1500–3500 STIS/NUV-MAMA F25QTZ
Vela3 89.32 11.3 3.38 0.069 1.1×10−4 0.287 1800–3000 STIS/NUV-MAMA F25SRF2
B0656+144 384.89 111 4.66 3.8×10−4 4.2×10−5 0.288 1150–1700 STIS/FUV-MAMA G140L
Geminga5 237.09 342 1.63 3.2×10−4 1.1×10−5 0.200 1800–3000 STIS/NUV-MAMA F25SRF2
B1055−526 197.10 535 1.09 3.0×10−4 2.3×10−5 0.35 1350–2000 ACS/SBC F140LP
B1929+107 226.51 3.1×103 0.51 3.9×10−5 4.6×10−6 0.33 1500–3500 STIS/NUV-MAMA F25QTZ
B0950+088 253.06 1.75×104 0.24 5.6×10−6 4.3×10−6 0.262 1250–2000 ACS/SBC F125LP
J2124−33589 4.93 3.8×106 3.2×10−4 6.8×10−5 5.8×10−6 0.410 1250–2000 ACS/SBC F125LP
J0437−471510 5.96 4.9×106 5.8×10−4 3.8×10−5 4.7×10−7 0.139 1150–1700 STIS/FUV-MAMA G140L
1Sollermann et al. (2000); 2this work; 3Romani et al. (2005); 4Shibanov et al. (2005); 5Kargaltsev et al. (2005); 6Mignani et al. (2010b);
7Mignani et al. (2002); 8Pavlov et al. (2017); 9Rangelov et al. (2017); 10Kargaltsev et al. (2004)
TABLE 1
Pulsars detected in the UV by the HST along with the values of spin period Ps, characteristic age τC, surface magnetic
field Bs, rotational energy loss E˙, as listed in the Australia Telescope National Facility (ATNF) pulsar catalogue
(Manchester et al. 2005), and the UV luminosity LUV computed from the observed flux for the assumed distance (d) and
wavelength range (λmin–λmax). Last column reports the corresponding instrument/detector combination, either the
STIS/MAMAs or the Advanced Camera for Surveys (ACS) Solar Blind Channel (SBC), and the names of the used imaging
filters (F) or spectroscopy gratings (G). For the binary millisecond pulsar PSR J0437−4715 the UV luminosity value
refers to the pulsar only.
grating its STIS/NUV-MAMA spectrum (Sollerman et
al. 2000) over the NUV F25QTZ wavelength range gives
LNUV = 1.04 × 1034 erg s−1 for a distance of 2 kpc
(Manchester et al. 2005), about the same luminosity
as PSR B0540−69. In the case of the Crab, however,
owing to its three times larger E˙ with respect to PSR
B0540−69, this corresponds to an E˙ fraction of only
∼ 2.28 × 10−5. For Vela, the UV luminosity, obtained
from STIS/NUV-MAMA images but in the F25SRF2 fil-
ter (Romani et al. 2005), which is similar to the F25QTZ
one, is LNUV = 1.1×1029 erg s−1 for the radio parallactic
distance of 287 pc (Dodson et al. 2003). This corresponds
to a fraction as low as ∼ 1.55× 10−8 of its E˙ (6.9× 1036
erg s−1), a factor of ten higher than the corresponding E˙
fraction emitted in the optical, though (∼ 1.95 × 10−9;
Moran et al. 2014). This shows that also in the UV,
like in the optical, Vela emits a lower fraction of its E˙
with respect to the very young pulsars Crab and PSR
B0540−69.
Strictly speaking, a direct comparison with the UV
luminosity of the middle-aged pulsars PSR B0656+14,
Geminga, PSR B1055−52 (Shibanov et al. 2005; Kar-
galtsev et al. 2005; Mignani et al. 2010b) would not be
very informative because of the difference in the under-
lying emission mechanisms. For the middle-aged pulsars
the UV emission is dominated by thermal radiation from
the cooling neutron star surface and not by non-thermal
radiation from the neutron star magnetosphere, as in the
case of the young Crab, Vela, and PSR B0540−69. The
UV emission is also thermal for the ∼ 17.5 Myr-old PSR
B0950+08 (Pavlov et al. 2017) and the ∼ 4.9 Gyr-old
recycled millisecond pulsar PSR J0437−4715 (Kargalt-
sev et al. 2004), whereas for both the ∼ 3 Myr-old PSR
B1929+10 (Mignani et al. 2002) and the ∼ 3.8 Gyr-old
recycled millisecond pulsar PSR J2124−3358 (Rangelov
et al. 2017) the available spectral information is not suf-
ficient to determine whether the UV emission is thermal
or non-thermal. As a further complication, in many cases
the UV flux values reported in the literature have been
obtained with different HST instruments, different tech-
niques (imaging photometry or spectroscopy) and in dif-
ferent wavelength ranges, which makes the inferred UV
luminosities not directly comparable to each other.
Therefore, given the very small sample (Crab, Vela,
and PSR B0540−69) it is difficult to speculate about
possible trends in the pulsar non-thermal UV luminosity
as a function of the pulsar parameters, e.g. the surface
magnetic field BS or the rotational energy loss E˙. On the
other hand, for the other pulsars the thermal UV lumi-
nosity is expected to be insensitive to these parameters, if
emitted from a large fraction of the neutron star surface
and not from hot polar caps, but to be sensitive to the
temperature of the emitting region. Since in the UV we
see only the RJ part of the thermal spectrum, the bright-
ness temperature TB is parametrised by the second power
of the ratio between the pulsar distance and the radius of
the emitting region, which cannot be easily determined.
Indeed, in the lack of modulations at the pulsar spin pe-
riod in the thermal UV emission the only hard limit is
imposed by the neutron-star radius predicted by different
equations of state. This means that deriving a tempera-
ture value for comparison with, e.g. neutron star cooling
models comes with significant uncertainties. For the sake
of completeness, in Table 1 we reported the luminosity
values for all pulsars detected in the UV regardless of the
nature of the emission. For illustrative purposes, Fig. 4
shows the pulsar UV luminosity LUV as a function of the
characteristic age τC for all pulsars in Table 1. As it can
be seen, the UV luminosity quickly drops for ages above
∼ 10 kyrs, i.e. about that of the Vela pulsar, and the
trend more or less flattens above ∼ 100 kyrs. This is
expected since the contribution of the UV non-thermal
emission becomes less important for pulsars older than
∼ 100 kyrs. A similar trend has been found for the pul-
sar optical luminosity (e.g., Zharikov & Mignani 2013),
marking also in this case the difference between young
and middle-aged/old pulsars, although for the latter the
contribution of the non-thermal emission can still be im-
portant.
4.4. The pulsar UV and optical light curves
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Being close in wavelength, it is natural to compare first
the UV light curves of PSR B0540−69 to those in the op-
tical band.14 In the optical, its most recent light curve
has been published by Gradari et al. (2011) based on
data obtained with the Iqueye instrument (Naletto et al.
2009) at the ESO New Technology Telescope (NTT) on
January and December 2009. Iqueye observations taken
during the same observing runs were also used to pro-
duce an updated optical light curve of the Vela pulsar
(Spolon et al. 2019). The PSR B0540−69 light curve
profile clearly revealed a two-peak structure, with the
two peaks separated in phase by ∼ 0.3, in agreement with
all the PSR B0540−69 optical light curves reported in
the literature (see Gradari et al. 2011 and refs. therein).
Fig. 5 (top) shows the light curve built from the Iqueye
data of Gradari et al. (2011), as published in Fig. 2 of
Ackermann et al. (2015).
We note that Gradari et al. (2011) found possible ev-
idence (at the ≈ 3σ level) of a third peak in the light
curve interposed between the two main peaks (see their
Fig. 1) but this is not visible in Fig. 5 (top). The reason
behind this discrepancy, never addressed so far, is that
the Iqueye data have been fully re-processed by Acker-
mann et al. (2015) with an upgraded version of the data
reduction software, which improved the determination of
the photon time of arrival. Another, and likely more im-
portant, reason is the use of a different ephemeris for
the light curve folding. Gradari et al. (2011) did not
have simultaneous ephemeris available and then folded
and aligned the data on the basis of their own period
measurements, whereas Ackermann et al. (2015) used
the ephemeris derived from observations with the Rossi
X-ray Timing Explorer (RXTE) Proportional Counter
Array (PCA), between May 16 2008 and December 3
2011 (MJD 54602–55898). Therefore, the third peak
seen in the Iqueye data by Gradari et al. (2011) was
probably an artifact of the data analysis. Interestingly,
this peak might correspond to that possibly seen be-
tween the two main peaks in the NUV light curve (Fig.
2, top), whose significance, however, is also marginal
(see § 3.2). Although two coincidences may represent
a clue, only follow-up optical/UV observations, possibly
with different telescope/instrumental set-ups, can pro-
vide more convincing evidence of the existence of this
putative third peak. Confirming its existence would un-
veil a more complex light curve morphology than initially
thought, which might encode thus far missing informa-
tion on the pulsar viewing and beaming angles and the
structure of the optical/UV emission cone.
As it can be seen from the comparison between Fig. 2
and Fig. 5 (top), the NUV/FUV light curve profiles bear
resemblance to the optical one, with two peaks separated
in phase by approximately the same amount. This re-
semblance is more noticeable for the NUV light curve, as
shown by a direct comparison in Fig. 5 (bottom), where
the two peaks have similar relative intensities, as in the
optical light curve. This means that the difference in the
pulsar PL spectrum between the optical and the UV (§
4.1) did not affect the light curve profile. The UV and op-
tical light curves are also aligned in phase, although they
correspond to different epochs (2017 and 2009) and have
14 PSR B0540−69 has been detected in the near-IR (Mignani et
al. 2012), but pulsations in these band have not yet been measured.
been folded using different sets of ephemerides owing to
the large change in the pulsar ν˙ that occurred between
December 3 and December 17 2011 (Marshall et al. 2015).
The UV light curves have been folded using the February
17 2015–March 28 2018 Swift/XRT ephemeris (Marshall
et al., in preparation), as explained in § 3.2, whereas
the optical light curve has been folded using the May 16
2008–December 3 2011 RXTE/PCA ephemeris (Acker-
mann et al. 2015), as explained above. A question then
arises about whether the observed alignment is real or
whether the large ν˙ change of December 2011 might have
introduced a systematic phase offset, so that the 2017
(UV) and 2009 (optical) light curves of PSR B0540−69
would not be directly comparable to each other. This is a
key point for our analysis, aimed at determining whether
the observed break between the optical/near-IR and UV
PL spectra has consequences not only on the profile of the
optical and UV light curves but also on their alignment
in phase. Since there are no UV (optical) light curves
of PSR B0540−69 obtained before (after) December 3
2011 for a direct comparison we cannot directly clarify
this point. In the X- and γ-rays, however, the compar-
ison between light curves obtained before and after the
large ν˙ change does not show any obvious misalignment
(see § 4.5). This suggests that this event did not intro-
duce a major phase offset, at least at high energies, and
we can reasonably assume that this is also the case for
the optical and UV, although our hypothesis can only be
confirmed by new optical timing observations for com-
parison with those of Gradari et al. (2011).
Therefore, the difference in slope of the pulsar PL spec-
trum between the optical/near-IR and the UV, if intrin-
sic to the UVOIR spectrum and not ascribed to spec-
tral/flux variability (see discussion in § 4.1), would have
no consequences on the phase alignment of the optical
and UV light curves. Their close resemblance (Fig. 5,
bottom) independently supports the evidence based on
the spectrum that, as in the optical, the UV radiation is
of magnetospheric origin. In particular, it suggests that
the optical and UV radiation have a very similar emission
geometry, whereas the almost perfect phase alignment
between the peaks suggests that the emission region in
these two bands is most likely the same.
4.5. The pulsar multi-epoch light curves
As anticipated in the previous section, here we de-
scribe the results of the comparison between the X and
γ-ray light curves of PSR B0540−69 obtained at differ-
ent epochs, carried out in this work for the first time.
Fig. 6 shows two sets of X and γ-ray light curves of
PSR B0540−69. The first set (panels a and c) corre-
sponds to an epoch range antecedent to the beginning of
2012 (hereafter ”pre-2012”), i.e. before the large ν˙ change
that occurred between December 3 2011 and December
17 2011 (Marshall et al. 2015). In particular, Fig. 6a
shows the RXTE/PCA X-ray light curve built by inte-
grating all data taken between May 16 2008 and Decem-
ber 3 2011 (MJD 54602–55898), whereas Fig. 6c shows
the Fermi/LAT γ-ray light curve built from contempo-
rary data taken between August 5 2008 and December
3 2011 (MJD 54682–55898). Both the RXTE/PCA and
Fermi/LAT data are the same as used in Ackermann et
al. (2015). In both panels, the light curves have been
folded using the pre-2012 ephemeris obtained from the
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full (MJD 54602–55898) RXTE/PCA data set, as done
in Ackermann et al. (2015). The second set (panels b
and d) corresponds to an epoch range subsequent to
the end of 2014 (hereafter ”post-2014”), i.e. after the
large ν˙ change. The X and γ-ray light curves are built
by integrating all data taken with the Swift/XRT be-
tween February 17 2015 and March 28 2018 (MJD 57070–
58205) and with the Fermi/LAT between February 17
2015 and June 1 2018 (MJD 57070–58270), respectively.
Therefore, both data sets cover the epoch range around
our HST observations. The Swift/XRT data are the
same as described in § 3.2 and have been partially pub-
lished in Marshall et al. (2015, 2016), whereas the new
Fermi/LAT data have not been published before. In
both panels, the light curves have been folded using the
post-2014 ephemeris obtained from the full (MJD 57070–
58205) Swift/XRT data set (Marshall et al., in prepara-
tion), which has been used to fold our HST/STIS light
curves (§ 3.2).
For consistency, we analyzed both the pre-2012 and
post-2014 Fermi/LAT data sets, which cover virtually
identical time spans (≈ 1200 d), using exactly the same
procedure. In particular, we produced γ-ray light curve
profiles for PSR B0540−69 by using Pass 8 Source class
events, analyzing photons with energies above 0.1 GeV
and with reconstructed directions within 8◦ of the pul-
sar. Events with zenith angles above 105◦ were rejected,
to limit the contamination caused by the Earth’s limb.
Phase calculations were carried out using the Fermi plu-
gin (Ray et al. 2011) of TEMPO2 (Hobbs et al. 2006).
In order to improve the signal-to-noise ratio of the γ-
ray light curve for both the pre-2012 and post-2014 time
intervals, we assigned weights to the individual photons
using the weighting method described in Bruel et al. (in
preparation). The weights give the probabilities that the
individual photons originated from PSR B0540−69. We
find that using log10Er = 3.2 where Er is the reference
energy in MeV of the weighting algorithm (see Bruel et
al. for a description) optimizes the signal-to-noise ratio
of the profiles. The pre-2012 Fermi/LAT light curve pro-
file (Fig. 6c), built using the weighting method described
above, is consistent with that presented in Ackermann et
al. (2015), indicating that we did not introduce any bias
or systematic effect.
As it can be seen from the comparison between the
RXTE/PCA and Swift/XRT light curves (Fig. 6a,b),
the X-ray light curve profile has not changed apprecia-
bly between the two epochs. The light curves are qualita-
tively similar, both featuring two peaks superimposed on
a broad pulse, although the RXTE/PCA light curve ben-
efits from a better statistics. Furthermore, the two light
curves appear to be essentially aligned in phase. This is
also true for the pre-2012 and post-2014 Fermi/LAT light
curves (Fig. 6c,d). No significant variation is observed
between the pre-2012 and post-2014 LAT light curve pro-
files either, although the former seems to feature a more
pronounced emission in the phase interval corresponding
to the off-pulse region. This off-pulse emission compo-
nent was already noticed by Ackermann et al. (2015),
who could not determine whether this was associated
with the pulsar or its PWN/SNR or with residual emis-
sion from the LMC. A more detailed analysis of the γ-ray
data, which is beyond the goals of this work, is needed
to determine how the significance of this excess depends
on the modelling and subtraction of the background, on
the binning used in the light curve, and, peraphs, on the
count statistics.
Ours is the first high-energy follow-up of PSR
B0540−69 after its large ν˙ change (Marshall et al. 2015).
The above comparison shows that this event did not in-
troduce either a major phase offset or profile variation
in the pulsar light curves, implying that the emission ge-
ometry did not change appreciably between the two ex-
plored epoch ranges. Furthermore, the comparison be-
tween two pre-2012 and post-2014 Swift/XRT observa-
tions (§ 4.1) shows that the ν˙ change did not introduce
a variation in the X-ray flux. A qualitative comparison
of the counts in the pre-2012 and post-2014 Fermi/LAT
light curves (Fig. 6c,d), which are directly comparable
to each other (see above), suggests that no variation has
occurred in the γ-ray flux either. This conclusion will be
verified by an in-depth analysis of the two Fermi/LAT
data sets, whose results will be published in a follow-up
paper. Therefore, based on current evidence, we con-
clude that the event had no consequence on the pulsar
high-energy emission properties.
4.6. The pulsar multi-wavelength light curves
Here, we briefly describe the comparison between the
optical/UV and the X/γ-ray light curves and discuss the
implications on our understanding of the pulsar emission
geometry.
In general, the UV light curves of PSR B0540−69 (Fig.
2) fit very well the picture of a multi-wavelength light
curve profile characterised by a broad pulse with two
peaks, as emerged from optical (Fig. 5) and X-ray (Fig.
6a,b) observations; see Fig. 2 of Ackermann et al. (2015).
There is no noticeable shift in the pulse phase across the
UV/optical/X-ray light curves and there is no evidence
of a variation either in the peak separation or in the
relative peak intensity as a function of energy. These
two peaks are not apparent in the γ-ray light curve (Fig.
6c,d), though, possibly because of the lower count statis-
tics and larger errors, whereas the alignment in phase
with the UV/optical/X-ray light curves is maintained.
For comparison, Fig. 6d shows the PSR B0540−69 ra-
dio light curve at 1.4 GHz obtained in August 2003 from
the Parkes radio telescope (Johnston et al. 2004), also
shown in Ackermann et al. (2015). Unfortunately, owing
to the pulsar faintness in radio, it was not possible to
obtain more recent observations. Indeed, the radio light
curve shown in Fig. 6d, the last to be published, was
built exploiting the occurrence of 18 bright giant radio
pulses (Johnston et al. 2004). As it can be seen, the
radio light curve profile, with two well-distinct narrow
and structured peaks, is visually different from those at
higher energies, suggesting a different emission geometry.
Interestingly, the radio peaks are essentially aligned in
phase with those observed in the X-ray, optical and UV
light curves, assuming in this last case no major phase
offset in radio after the large ν˙ change (Marshall et al.
2015).
Such a self-similar and phase-aligned light curve pro-
file across different energy ranges is quite remarkable if
compared to other young pulsars, such as Vela (Romani
et al. 2005). In particular, while the similarity of the
light curve profiles suggests a similar emission geome-
try, their alignment in phase suggests that the pulsed
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multi-wavelength emission in PSR B0540−69 originates
from regions very close to one another in the neutron star
magnetosphere. A more or less self-similar and phase-
aligned light curve profile across the optical–to–γ-ray en-
ergy ranges is also observed in the Crab pulsar. These are
the only two pulsars featuring this distinctive character-
istic, which strengthens the link between PSR B0540−69
and its ”twin”. However, the still-limited number of pul-
sars seen to pulsate from the optical to the γ-rays (five;
§ 3.2) makes it difficult to establish whether such an
alignment is the rule or the exception. Detecting multi-
wavelength pulsations from a larger pulsar sample is ob-
viously needed to address this issue. The middle-aged
(τC ∼ 0.5 Myrs) pulsar PSR B1055−52 (Ps ∼ 197 ms),
detected in radio, optical, UV, X-rays and γ-rays but not
yet in the near-IR (Mignani et al. 2010b), is the most ob-
vious target to search for UV pulsations15 and compare
the light curve profile with those already measured in
radio, X-rays and γ-rays. The other young (τC ∼ 4900
yrs) LMC pulsar PSR J0537−6910 (Ps ∼ 16 ms) in the
N157B SNR would be, ideally, the best target owing to
an E˙ ∼ 4.9× 1038 erg s−1, the largest in the pulsar fam-
ily. However, so far it has eluded detections at energies
other than in X-rays, where it was discovered as an X-
ray pulsar (Marshall et al. 1998), and in γ-rays, although
pulsations have not yet been detected in the latter case
(Ackermann et al. 2015), whereas no radio, optical, UV
counterpart has been found despite multiple attempts
(e.g., Crawford et al. 2005; Mignani et al. 2005; Mignani
et al. 2007).
Searching for near-IR pulsations from PSR B0540−69,
never detected in any pulsar other than the Crab (Eiken-
berry et al. 1997), would be the next goal towards com-
pleting the multi-wavelength picture for this source and
allow for a full band–to–band comparison with its ”twin”.
In particular, high-time and spatial resolution near-IR
observations would help to disentangle the light curve
contribution from a possible DC component in the pul-
sar emission from that of the PWN background. From
the comparison with our UV light curves, and with those
in the optical band, also to be obtained through high-
time and spatial resolution observations, it will then be
possible to determine whether the DC component frac-
tion remains constant or evolves with wavelength. As
discussed in § 4.1, a different DC component contribu-
tion in the UV with respect to the optical/near-IR could
help to explain the abrupt UV turnover in the pulsar
spectrum.
5. SUMMARY AND CONCLUSIONS
Using the STIS-MAMAs aboard HST, we detected the
LMC pulsar PSR B0540−69 in two near-UV bands cen-
tred around 2350A˚ (NUV) and 1590A˚ (FUV) and mea-
sured pulsations at the pulsar spin period in both bands.
This is the first time that PSR B0540−69 has been de-
tected and seen to pulsate in the UV. Aside from the ra-
dio, PSR B0540−69 is now one of the five pulsars (count-
ing the radio-quiet Geminga) detected in five different
energy bands (near-IR, optical, UV, X-rays, γ-rays) and
15 The pulsar is at ∼4′′ from a 14.6 magnitude star and it has
been detected in the optical with the HST which, however, has no
instrument for high-time resolution observations above 3000A˚ after
the decommissioning of the High Speed Photometer.
seen to pulsate in at least four of them. PSR B1055−52,
detected in all these bands but the near-IR (Mignani et
al. 2010b), could be next in the list. We also detected
the PSR B0540−69 PWN in our NUV observation, with
a morphology similar to that observed in the optical and
near-IR, but not in the FUV, which indicates a sharp
decrease of the PWN surface brightness at shorter wave-
lengths.
The UV light curves of PSR B0540−69 feature a
prominent broad pulse with two peaks very close in
phase, similarly to that observed in the optical and X-
rays. A significant DC component is also observed in
the NUV light curve, possibly associated with unpulsed
isotropic emission from the neutron star magnetosphere.
Like in the Crab pulsar, the UV light curves are also
aligned in phase with those in the radio, optical, X and
γ-rays, although these are not always contemporary to
one another. Thus, it seems that the large change in
the spin frequency derivative ν˙ that occurred at the end
of 2011 (Marshall et al. 2015) did not introduce a ma-
jor phase offset, as we demonstrated, at least at high
energies, from the qualitative comparison between the
RXTE/PCA, Swift/XRT and Fermi/LAT light curves
of PSR B0540−69 obtained before and after the event.
The pulsar UV fluxes clearly deviate from the extrapo-
lation at shorter wavelengths of the best-fit PL to the
optical/near-IR fluxes (αO,nIR ∼ 0.7; Mignani et al.
2012). Under the hypothesis of no long-term flux vari-
ability, this would point at an abrupt steepening of the
PL spectrum in the UV (αUV ∼ 3). This has not yet been
observed in other pulsars and its explanation remains a
challenge.
More HST observations are necessary to independently
confirm the difference in the pulsar PL slope in the UV
and obtain a better characterisation of the pulsar spec-
trum at wavelengths below 3000A˚, which so far is based
on our two flux measurements only. This would require
multi-band UV photometry with the Advanced Camera
for Survey or, better yet, UV spectroscopy observations
with either the STIS or the Cosmic Origin Spectrograph.
In particular, time-resolved UV spectroscopy with the
STIS (125 µs resolution) would enable one to better de-
couple the spectrum of the pulsar from that of its PWN
and look, for the first time, for possible variations in the
pulsar PL spectrum as a function of the neutron star
rotation phase. This would be important to track possi-
ble differences in the properties of the emitting particles
(density, velocity) in different regions of the neutron star
magnetosphere, which are seen as the neutron star ro-
tates.
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Fig. 2.— NUV (top) and FUV (bottom) light curves of PSR B0540−69. Two cycles are shown for clarity. Owing to the difference in
signal–to–noise, a different phase binning has been applied in each case. The NUV and FUV light curves have been folded using the most
recent ephemeris obtained from Swift/XRT observations over the period February 17 2015–March 28 2018 (Marshall et al., in preparation).
Pulsar counts have been extracted using an aperture of 10 pixel radius (0.′′24). In both panels, the horizontal dashed line marks the
background level of the PWN computed in annulus centred on the pulsar of 25 pixel inner radius and 10 pixel width (§ 4.2).
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Fig. 3.— Multi-band spectrum of PSR B0540−69. The HST optical flux measurements, labelled with the broad band (W) filter numbers,
are taken from Mignani et al. (2010a) and the VLT near-IR ones (J, H, Ks) from Mignani et al. (2012). The NUV and FUV fluxes are
from the present work. All fluxes have been obtained through imaging photometry and are integrated over the pulse-phase. The red
line corresponds to the best-fit optical/near-IR PL spectrum computed by Mignani et al. (2012), whereas the green line indicates the PL
connecting the NUV and FUV fluxes. Correction for the interstellar reddening has been applied as described in § 4.1, using the extinction
law of Fitzpatrick (1999). For comparison, we also plotted the NUV and FUV fluxes (dashed lines) corrected using the extinction law
for the 30 Doradus region (Gordon et al. 2003). Applying this law to the optical and near-IR fluxes would not result in an appreciable
difference.
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Fig. 4.— UV luminosity plotted as a function of characteristic age for all pulsars listed in Table 1. Luminosity uncertainties account for
both distance and photometry errors.
UV Observations of PSR B0540−69 17
Fig. 5.— (top) Optical light curve taken through the white band filter reconstructed from a re-analysis of the Iqueye data of Gradari
et al. (2011). Two cycles are shown for clarity. Since these data were obtained back in 2009, i.e. before the large change in the pulsar ν˙
(Marshall et al. 2015), the light curve has been folded using the ephemeris derived from RXTE/PCA observations over the period May
16 2008–December 3 2011 (Ackermann et al. 2015). The third peak tentatively seen in the Iqueye light curve published in Gradari et al.
(2011) is not visible here; see § 4.4 for details. (bottom) NUV light curve (magenta line) from Fig. 2 superimposed on that constructed
from the Iqueye data set (green line).
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Fig. 6.— X and γ-ray light curves of PSR B0540−69 obtained from data taken before (pre-2012) and after (post-2014) the large ν˙
change occurred between December 3 2011 and December 17 2011 (Marshall et al. 2015). From top to bottom: RXTE/PCA X-ray light
curve (MJD 54602–55898), Swift/XRT X-ray light curve (MJD 57070–58205), Fermi/LAT γ-ray light curves (MJD 54689–55898 and MJD
57070–58270). Both the pre-2012 and post-2014 LAT light curves have been built using using the photon weighting method described in
Bruel et al. (in preparation). In all cases, the light curves have been built by integrating all the data collected over the time intervals
reported above in parentheses. The pre-2012 RXTE/PCA and Fermi/LAT light curves are based on the same data as used in Ackermann
et al. (2015). In the first and third panels, the light curves have been folded using the pre-2012 ephemeris obtained from the RXTE/PCA
data set (Ackermann et al. 2015), whereas in the second and fourth panels they have been folded using the post-2014 ephemeris obtained
from the Swift/XRT observations (Marshall et al., in preparation). The bottom panel shows, as a reference, the radio light curve at 1.4
GHz obtained from Parkes in August 2003 (Johnston et al. 2004), which is the same as shown in Ackermann et al. (2015).
